Introduction
The carbon nanotube (CNT) 1) has been widely investigated because of its structural, electrical and mechanical properties. The CNT is a molecular-scale wire with high mechanical stiffness and strength. In particular, a single-wall carbon nanotube is one-dimensional quantum wire that can be metallic, semiconductive or semimetallic depending on its diameter and chirality.
2) Therefore, CNTs have been used in a wide range of applications, such as scanning probes, 3) electron field emission sources, 4) actuators 5) and nanoelectronic devices, e.g., a carbon nanotube channel field effect transistor (CNT-FET), 6, 7) and a single-electron transistor. 8, 9) In particular, the CNT-FET has an advantage over the traditional Si MOS FET in its high carrier mobility and high transconductance, 10) and hence a high sensitivity to charge. Therefore, various types of sensors using the CNT-FET have been reported recently, such as gas sensors for oxygen, 11) nitrogen dioxide, ammonia 12) and alcohol, 13) chemical sensors for pH 14) and biosensors for some enzymes 14) and proteins. [15] [16] [17] [18] The sensitivity of the CNT-FET sensor is expected to increase to make it capable of single-molecule detection because of its specific structure. 19) Additionally, the CNT-FET can be fabricated using conventional silicon technology. A CNT-FET biosensor is expected to realize a highly sensitive and low-cost point-of-care testing device for the detection of immune reaction without the need for labeling.
In this study, the effects of the adsorption of pig serum albumin (PSA) as an antigen on the electrical properties of a CNT-FET in which anti-PSA (-PSA) was immobilized as an antibody was investigated.
Experiment
The CNT-FET was fabricated as follows. The starting substrate is a heavily doped n-type Si caped with 300-nmthick thermally grown SiO 2 . CNTs were synthesized by thermal chemical vapor deposition (CVD) between the patterned catalysts. The layered structure of Fe/Mo/Si (3 nm/10 nm/10 nm) as chemical catalyst was patterned onto the substrate by conventional photolithography. The nearest distance between two patterned catalysts was 6 mm. The substrate with the catalysts was then loaded into the thermal CVD furnace, and subjected to CVD growth of CNTs for 10 min at 900 C under a flow of 750 mL/min of ethanol carried by argon gas with 500 mL/min co flow of hydrogen gas. During the heating and the cooling process, argon gas flowed constantly. After the synthesis of CNTs, Au/Cr (300 nm/20 nm) metals were deposited over the patterned catalyst as the source-drain electrodes and Au/Ti (100 nm/10 nm) metals were deposited on the back of the Si substrate as the back gate electrode. The gap distance and width between source and drain electrodes were 4 mm and 20 mm, respectively. Thus, the fabricated carbon nanotube channel field effect transistor is shown in Fig. 1 .
The experimental setup for the measurement of the antigen-antibody reaction is shown in Fig. 2 . The electrical properties of the CNT-FET were measured using the semiconductor parameter analyzer at room temperature. An original well of silicone was prepared on the device to immerse the surface of the device in the 0.01 mol/L phosphate buffer solution (PB, pH ¼ 7:2). In this study, two kinds of protein, i.e., PSA as antigen and -PSA as its antibody, were used. -PSA was immobilized on the surface of the device by physisorption as follows. A solution of 100 mg/mL -PSA in 0.1 mol/L phosphate buffered saline (pH ¼ 7:4) was dropped to the surface of the device. The show the noncontact-mode atomic force microscopy images of the channel before and after the immobilization of -PSA, respectively. The contrast of the surface of SiO 2 and CNT in Fig. 3(b) is brighter than that in Fig. 3(a) . This means -PSA was adsorbed on the surfaces of both SiO 2 and CNT. We could immobilize -PSA on the device by this brief process. The solution of 14.4 mmol/L PSA in 0.01 mol/L phosphate buffer (pH ¼ 7:2) was added to 0.01 mol/L phosphate buffer solution which was brought into contact with the surface of the device in the well with a micropipette. In order to change the concentration of PSA, the various volumes of this PSA solution were added at appropriate times. Figure 4 shows the effect of the adsorption of PSA onto immobilized -PSA on the electrical properties of CNT-FET measured in 0.01 mol/L phosphate buffer solution. Figure  4(a) shows the time dependence of the drain current. The gate bias V GS and the drain bias V DS were set at V GS ¼ 0 V and V DS ¼ 0:1 V, respectively. First, there was 20 mL of 0.01 mol/L phosphate buffer solution in the well. When 10 mL of 0.01 mol/L phosphate buffer solution (PB) was added to the well after 180 s, only a slight change occurred in the drain current. A clear decrease of the drain current was observed, however, when the concentration of PSA in 0.01 mol/L phosphate buffer solution was increased to 2.06 mmol/L at 300 s. The drain current started to decrease from 1.64 mA with time and finally reached 1.28 mA at 900 s. Therefore, this change of drain current was attributed not to electrostatic noise or movement of solution caused by dropping the solution into the well but to the adsorption of PSA onto -PSA. When the concentration of PSA in 0.01 mol/L phosphate buffer solution was increased further to 4.8, 6.55, 7.76 and 8.64 mmol/L stepwise, however, the decrease of the drain current was slight. Eventually, the drain current decreased to about 1.21 mA when the concentration of PSA was increased to 8.64 mmol/L. It is considered that the adsorption of PSA was almost saturated by the addition of 2.06 mmol/L PSA. Figure 4(b) shows the drain current-gate bias characteristic before and after exposing the surface of the device to 8.64 mmol/L PSA. The gate bias V GS was swept from À0:5 V to þ0:5 V and the drain bias V DS was set at 0.1 V. The drain current decreases with the increase of gate bias both before and after exposing the surface of the device to 8.64 mmol/L PSA. This is characteristic of a p-type semiconductor CNT. The transconductance is 0.43 mA/V under both conditions. The shift of the gate voltage-drain current characteristic to the negative direction was observed after the PSA/-PSA reaction. The amount of shift was estimated to be 1.4 V. Figure 4 (c) shows the drain current-drain bias characteristic before and after the PSA/-PSA reaction. V DS was swept from À0:1 to þ0:1 and V GS was set at 0 V. The decrease of the drain current was observed. The two results, that is, the negative shift of the drain current-gate bias characteristic in Fig. 4(b) and the decrease of the drain current in Fig. 4(c) , indicate the stable adsorption of PSA. The decrease of the conductance of the CNT-FET shown in Fig. 4 was also observed in other devices. However, the sensitivity of the CNT-FET to the concentration of the PSA was different in each device. The sensitivity and stability of the CNT-FET should be characterized and optimized for quantitative analysis in further studies.
Results and Discussion
The decrease in the conductance of the CNT-FET caused by the adsorption of PSA cannot be simply explained as an electrostatic gating effect by PSA. PSA has an isoelectic point of about 4.8 and therefore carries a net negative charge in phosphate buffer solution, whereas we observed the effect of an apparent positive charge. At the same time, in Fig. 4(b) , the transconductance of the CNT-FET does not change greatly after the adsorption of PSA. Therefore it is concluded that the decrease in the conductance is not greatly affected by the change in capacitance of the CNTs caused by the adsorption of PSA on -PSA in the measurement using the back gate. The precise mechanism of how the adsorption of PSA decreases the conductance of the CNT-FET is not yet clear, but the following three possibilities can be considered. The first possibility is the increase in the Schottky barrier height due to the reduction of the work function of metal caused by the adsorption of protein on or very near the metal-CNT contacts. 18, 20) The second possibility is that the adsorption of PSA on the CNTs or the PSA/ -PSA binding reaction introduces scattering sites on the CNT.
15) The third possibility is the donation of electrons to the CNT caused by the interaction between the amine groups of the protein and the surface of CNT. 16) 
Conclusion
We have investigated the effect of the adsorption of PSA onto immobilized -PSA on the electrical properties of CNT-FET measured in phosphate buffer solution. The time dependence of the drain current, the drain current-gate bias characteristic and the drain current-drain bias characteristic before and after the adsorption of PSA were investigated. The decrease in the conductance of the CNT-FET, which is attributed to the adsorption of PSA on -PSA, was observed in the measurements. We have succeeded in real-time detection of the selective adsorption of PSA on -PSA as a decrease in the conductance of the CNT-FET, by a label-free process. We have demonstrated the possibility of the use of the CNT-FET as a biosensor. 
